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Abstract: We have performed full-stack research of Pdi«Fex and PdixCox (x = 0.01-0.1) alloys. At the
first stage, the occurrence of impurity ferromagnetism in considered alloys was studied employing
the Density Functional Theory (DFT). At the second stage, magnetic impurities of Fe and Co atoms
were implanted into epitaxial Pd thin films to verify DFT results. Magnetic properties of implanted
Pd films were investigated by Vibrating Sample Magnetometer (VSM) in the temperature range
from 5 K to 300 K. It has been established that VSM results are in a good agreement with ab initio
calculations.

Keywords: DFT; Pd-Fe alloys; Pd-Co alloys; impurity ferromagnetism; giant moment; ion implan-
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1. Introduction

The impurity ferromagnetism of strongly paramagnetic palladium aroused great in-
terest among theoreticians and experimentalist back in the last century due to the fact that
the effective magnetic moment per one magnetic impurity, for example, iron, turned out
to be anomalously large, up to 12 Bohr magnetons [1-3]. To date, the revival of interest in
Pd-Fe alloys was caused mainly by their potential use as a weak ferromagnet in super-
conducting magnetic random-access memory (MRAM) based on Josephson junctions [4—
7]. Despite the long history of studies of such structures, the region of low impurity con-
centrations has not yet been sufficiently studied. Thus, recently, new features of the phase
diagram of a palladium-iron alloy were discovered experimentally in the low concentra-
tion region, <10 at. %, in particular, it was demonstrated that ion implantation of iron into
epitaxial palladium films can lead to the formation of a multiphase magnetic system [8—
10]. Pd-Fe alloys synthesized by ion implantation with an average iron content in the
range of 2-8 at. % are metastable with respect to ferromagnetism and formed phases. As
a result of thermal annealing of the samples under high vacuum conditions, an increase
in the magnetization of the films and an increase in the Curie temperature were observed,
as well as the formation of additional stable phases. In addition, some discrepancies were
found with older works from this area [11].

Theoretical calculations could help correlate recent results with older work and shed
light on the mechanisms of magnetization formation in palladium-iron alloys. This project
is based on fundamental studies of the structural and magnetic properties of Pd:A1-x alloys
(x <10 at. %, A = Fe and Co) using computer simulation within the framework of the
density functional theory (DFT). Theoretical investigation has been performed in a close
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collaboration with an experimental group dealing with the growth and analysis of thin
films. In the present paper DFT results will be presented along with Vibrating Sample
Magnetometer (VSM) measurements for both Pd-Fe and Pd-Co alloys with an impurity
content of up to 10 at. %.

2. Materials and Methods
2.1. DFT Calculation Details

In the present paper ab initio investigations were based on the DFT [12,13] within the
VASP code [14-16] as a part of the MedeA® software of Materials Design [17]. Exchange
and correlation effects were accounted for by the generalized gradient approximation
(GGA) as parameterized by Perdew, Burke, and Ernzerhof (PBE) [18]. The Kohn-Sham
equations were solved using the plane-wave basis set (PAW) [19]. The cut-off energy was
chosen to be equal to 400 eV. The force tolerance was 0.5 eV/nm and the energy tolerance
for the self-consistency loop was 105 eV. The Brillouin zones were sampled using Monk-
horst-Pack grids [20], including 3 x 3 x 3 k-points. We performed spin-polarized calcula-
tions in all cases, initializing Fe and Co atoms to have 3.63 and 1.5 us, respectively, and Pd
atoms to be in the paramagnetic state (0 us). The structures are described as consisting of
a filled FCC host matrix formed by Pd atoms, with Fe and Co ions substituting octahe-
drally coordinated sites only (as shown in Figure 1). For the 3 x 3 x 3-unit cell parameter a
=118 A.
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Figure 1. Supercell of Pd matrix used in our calculations with denoted polarized Pd atoms around
the Fe or Co solute ions after the optimization procedure. Red sphere of atom corresponds to Fe/Co,
light blue to Pd, and blue to predominantly polarized Pd atoms.

2.2. The Experiment Description

The epitaxial Pd films were produced by molecular-beam epitaxy (MBE) in ultrahigh
vacuum conditions of 5 x 1071 mbar on epi-ready (Ra < 0.5 nm) (100)-MgO single-crystal
with dimensions of 5 x 10 x 0.5 mm?3 provided by Crystal GmbH, Berlin Germany. Pd were
evaporated from Createc Fischer effusion cell with precise temperature control of +0.1 °C.
During the deposition process, the temperature of the Pd was constant (1305 °C) and the
growth rate was 11.4 nm/hour. Film growth was carried out in three stages (by analogy
with the work in Ref. [8]). At the first stage, the substrate temperature was 400 °C and the
first layer of 10 nm thick was deposited. At the second stage, the substrate temperature
was 150 °C and final layer of 30 nm thick was deposited. Finally, the film was annealed in
vacuum at a temperature of 600 °C for 20 min. The structural perfection of the film was
monitored in situ at each stage by low-energy electron diffraction and ex situ by X-ray
diffraction. A series of 40 nm epitaxial Pd films were grown under the same conditions.
Then samples were taken out of the vacuum for further ion implantation procedure. 40
keV Fe* (or Co*) ions were implanted with different doses (determines the impurity
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content) into fresh-grown epitaxial Pd films. Thus, two series of samples were synthe-
sized, which differed from each other in the implanted type of chemical impurity (see
Table 1). Synthesized by ion implantation Pd-Fe and Pd-Co alloy films were additionally
annealed in ultrahigh vacuum (9 x 10 mbar) at a temperature of 600 °C for 2 h. Such
annealing was carried out to make the samples stable and get rid of radiation defects.
After annealing all samples were cut into several parts using a diamond saw with a non-
magnetic base, and one piece of each sample were measured by VSM in the temperature
range from 5 K to 300 K.

Table 1. Experimental samples synthesized by implantation of Fe* (or Co*) ions into epitaxial Pd
films.

Implantation Ener Dose
Sample Implanted Ion P (keV) & (x10¢ jons/cm?)
FePd-1 0.5
FePd-2 Fe 40 1.0
FePd-3 3.0
CoPd-1 0.5
CoPd-2 Co 40 1.0
CoPd-3 3.0
3. Results

3.1. DFT Calculations

Fe impurity in the Pd matrix has been investigated in our previous research [21]. Here
we focus on the comparison with Co impurity. The calculated total magnetization per
impurity is shown in Figure 2 versus impurity content. At low impurity concentration (x
=0.01 to x = 0.03 for Fe and to x = 0.02 for Co) we got a negligible cell magnetization. At
such low concentrations Co and Fe are non-magnetic. The average magnetization of im-
purities versus impurity content is shown in Figure 3. As was discussed in our previous
research [21] the low-concentration regions behavior, in particular zero magnetic mo-
ments, is in consistence with theory of impurity ferromagnetism [22]. However, as was
shown previously for Fe impurity, there is a discrepancy in the low-concentration region
between ab initio and experiments (Figure 2a in Ref. [21]). That might be since the calcu-
lations were performed assuming 0 K, and we obtained Fe and Co solute atoms after op-
timization as being non-magnetic at low impurity concentrations, whereas experimental
measurements were carried out at final temperatures.

- T

§ —0O— Fe (DFT calc.)

- 10

; X Fe-imp. Pd (exp.)

5 8}

o

E

g s} n\'\

k=

[0} X

£ X \:/1

o 4+ X

£

o

2

o 2F

©

£

©

S 0 b1 j

= . . | \ \
0,00 0,02 0,04 0,08 0,08 0,10 0,12

Impurity content (x)

Figure 2. Total magnetization of Pdi~Fex and Pdi~Cox (x = 0.01-0.1) systems calculated per impu-
rity atom versus impurity content in the 3 x 3 x 3 Pd supercell.
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Figure 3. Calculated average magnetization of Fe and Co in Pdi~«Fex and Pdi-~Cox (x = 0.01-0.1) sys-
tems versus impurity content in the 3 x 3 x 3 Pd supercell.

At the concentrations above x = 0.03 for Fe and x = 0.02 for Co total magnetization
along with impurity magnetic moments and maximal Pd magnetic moments (as shown
in Figure 4) increase reaching the maximum of total magnetization per impurity being
equal to ~8 us for Fe and ~10 us for Co. The calculated averaged magnetization of impuri-
ties for Fe reaches a plateau with a constant value of ~3.25 us (Figure 3) which is lower
than the theoretical maximum, but it is higher than the value of 2.8 us obtained in [1] and
close to the value of 3.5 us obtained by Neutron diffraction experiments [23,24]. For Co it
was obtained that maximum of total magnetization is higher than for Fe (Figure 2). That
value agrees well with saturation moment published in Table 2.1 of Ref. [2] above 0.07 at.
%. However, in according with mentioned data, magnetization value stays constant up to
0.5 at. %, whereas ab initio calculations show rapid decline of the curve (Figure 2). After
the peak point the Fe-curve decreases very slow in agreement with experiments and the-
oretical predictions [21]. In contrast after the concentration of x = 0.09 the Co-curve goes
up again. In the further calculations the concentrations above x = 0.11 will be checked
along with the low-concentration region to ensure such a non-expected behavior. On the
other hand, at higher concentrations both Fe and Co curves are getting closer (Figures 2—-
4), what might be the reassurance of correct results.

3.2. Magnetostatic Measurements

The static magnetic properties of the Fe- and Co-implanted Pd films were measured
utilizing the vibrating sample magnetometry (VSM) in the temperature range of 5-300 K
with the magnetic field applied either in-plane or out-of-plane of the films. To determine
the Ms of the Pd-Fe and Pd-Co alloy films, the net diamagnetic contribution of the MgO
substrate was subtracted from the raw VSM data. Then, the saturation magnetic moment
M:s was recalculated to the number of Bohr magnetons (us) per implanted Fe* or Co* ion.
As expected, the magnitude of the Ms and the Curie temperature will increase with an
increase in the implantation dose (impurity concentration). Note, that the average impu-
rity concentration in implanted samples was taken from experimental distribution pro-
files obtained by X-ray phoroelectron spectroscopy in combination with sequential Ar-ion
etching of the sample surface (profiles are not presented here) and for the doses of 0.5, 1.0,
and 3.0 x 106 jons/cm? were corresponded to x =0.025, x=0.035, and x = 0.075, respectively.
Figure 5 shows magnetic hysteresis loops for the FePd-3 and CoPd-3 samples. It is clearly
seen that the magnetic hysteresis loops recorded for Pd films implanted with Fe* or Co*
ions differ significantly in the magnitude of the Ms, magnetic anisotropy and coercive field
(H.). A significant difference is observed in the magnitude of the H. for Co-implanted Pd
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film (CoPd-3), this value is ~1300 Oe, while for the FePd-3 this value is just ~9 Oe (Figure
5). Such a difference in the magnitude of the H. is associated with a fundamental differ-
ence in the magnetocrystalline anisotropy of iron and cobalt impurities. Moreover, the Hc
of Co-implanted Pd films significantly depends on the implantation dose (Co concentra-
tion), in particular, for CoPd-2 it is ~700 Oe and for CoPd-1 it is ~250 Oe.
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Figure 4. Maximal calculated magnetic moment at Pd atom in Pdi-Fex and Pdi-xCox (x = 0.01-0.1)
systems versus impurity content in the 3 x 3 x 3 Pd supercell.
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Figure 5. Magnetic hysteresis loops for 40 nm epitaxial Pd film implanted by Fe* ions (blue curve)
or Co*ions (red curve) with the dose of 3.0 x 10'¢ jons/cm?

4. Discussion and Conclusions

Comparison of experimental data and theoretical calculation of the concentration
dependences of the magnetization of Pd-Fe and Pd-Co alloys with an impurity content of
up to 10at. % showed their qualitative agreement with each other. At similar
concentrations of magnetic impurity in the palladium matrix, in the experiment and in the
calculation, a maximum of the magnetic moment per impurity was observed. In this case,
the observed differences between the calculated and experimental data may be due to the
fact that the magnetic impurity is distributed inhomogeneously in the implanted
palladium matrix [11]. The cumulative analysis of the obtained data suggests that DFT
method can be used to study Pd-Fe and Pd-Co alloys.
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